Nb 2 O 5 coatings prepared by the sol-gel route using the dip coating technique with sols prepared from alkoxide or chloroalkoxide (two different methods: sonocatalytic and conventional) precursors are a promising alternative for WO 3 electrochromic coatings. The crystalline films (TT phase) sintered at 560 and 600°C are transparent and present a deep blue colour under Li> ion insertion. Electrochemical stability is excellent as these systems are fully reversible and stable and no change in colour, amount of charge exchanged and corrosion effect could be observed after 2000 voltammetry cycles between 2 and !1.8 V versus Ag. The electrochemical and optical properties of these coatings have been determined as a function of sintering temperature. The superficial structure was visualized by atomic force microscopy (AFM) and scanning electron microscopy (SEM) and the Li> diffusion coefficient was determined for both kinds of coatings.
Introduction
A wide class of materials, called chromogenic materials, change their optical properties (transmission, absorption, etc.) in response to a change in the ambient condition. If their colours change under an applied potential in an electrochemical cell they are called electrochromic materials. This property is observed by a large number of metal oxides, such as TiO , WO , V O and Nb O . These materials are interesting because of their use in various solid state electrochemical devices, including batteries, and electrodes for photoelectrochemical and electrochromic devices [1, 2] . The electrochemical properties are due to H> and Li> insertion in the layer, which in the case of TiO , WO and Nb O cause changes in optical transmissivity from a quasi-transparent state (transmission ¹:85%) to less than ¹:20%.
The electro-optical performances of electrochromic coatings are strongly dependent on their structural morphology. Outstanding performances have recently been obtained using materials constituted of aggregates of nanometre-sized particles of CeO -TiO [3] [4] [5] [6] , TiO [7] and Nb O [8, 9] . The sol-gel process is a particularly well adapted method for achieving such morphology. Moreover the dip coating technique, a common method of deposition in this field, allows deposition of large area coatings at low cost.
Recently some studies have reported on the electrochromic properties of Nb O . Blue colouration was found in an opaque Nb O layer grown thermally at &500°C on a niobium metallic disk [10, 11] . Alves [12] has confirmed the possibility of inserting Li> ions in a Nb O ceramic prepared from a commercial powder sintered at &800°C. The first attempt to fabricate sol-gel Nb O for electrochemical purposes was reported by Lee and Crayston [13] , using a sol made of a mixture of NbCl dissolved in ethanol. However, the 5-10 m thick film presented substantial cracking and peeling due to an important shrinkage during drying. More recently, we have obtained homogeneous films without cracks and defects that present good and promising electrochromic properties [8, 9, 14] .
In this work we report on the electrochemical and microscopic characterization and electrochromic properties of Nb O sol-gel coatings prepared by two different sol-gel methods and deposited by a dip-coating technique on indium-tin oxide ITO-coated glass.
Experimental procedure
Two alkoxy methods were used to prepare a transparent and stable niobium alkoxide solution. Sol 1 was prepared by a sonocatalytic process [14, 15] , by dissolving NbCl (CBMM, Brazil) in butanol, to which was added sodium butoxide under reflux. The process led to the formation of Nb(OBu L ) and NaCl. The last compound was separated by centrifugation. The final sol was prepared by mixing this precursor with glacial acetic acid (CH COOH) resulting in a sol stable at 20°C for several months [8, 9] . In this method we did not use ultrasonic irradiation.
The coatings were deposited on an ITO-coated glass substrate (Asahi-Glass, 14 ) ) previously cleaned and rinsed with bidistilled water, ethanol and then dried at room temperature. The substrates were dipped into the solution in ambient atmosphere and withdrawn at a rate of 12 cm min\. The samples were subsequently dried in air at room temperature for 15 min. The uniform gel films were then calcined at temperatures up to 600°C using a heating rate of 10°C min\. The resulting coatings were then kept at the final temperature from 10 min to 3 h and were found to be transparent and homogeneous with a thickness of about 300 nm after three dips.
The surface morphology of the films was visualized by AFM (Topometrix) and SEM (Zeiss 960) analyses.
The electrochemical characteristics (voltammograms) were determined using a Solartron 1286 analyser and a conventional three electrode cell placed in a dry-box under dry N . The counter-electrode was a platinum foil of 1 cm area and the quasi-reference electrode was a silver wire. The electrolyte was a 0.1 M solution of LiClO dissolved in a propylene carbonate (PC). The cell was previously purged with dry N gas. The thickness of a film, measured with a TaylorHobson Talystep was about 100 nm for a one-dip layer. Optical spectra in the ultraviolet-visual (u.v.-vis) range were recorded in situ with a Cary 2315 spectrophotometer. The coated substrate was placed in a special electrochemical cell built with two flat fused quartz windows and the u.v.-vis spectra were measured before and after insertion of Li> cations at fixed potentials.
X-ray diffraction measurements of xerogels obtained with the same sols and heat treated at 560°C for 10 min following the same protocol, indicate that the powder material is crystalline, with a very-lowtemperature form TT structure [14, 17] . process. After reversal of the potential scan at !0.95 V an anodic current peak is clearly observed. This peak is attributed to the extraction of Li>. An interesting feature of this result is that the coatings show small differences when heated at different temperatures. It was found that the Nb O films prepared from Sol 1 were better when calcined at 600°C (Fig. 1a) while those prepared from Sol 2 were better when calcined at 560°C (Fig. 1b) . Both samples prepared in these conditions were very stable and successive cycles (tested for 2200 cycles for Sols 1 and 2) repeated the original current-potential curve (Fig. 2a,  b) . The charge exchanged during the insertion-extraction processes decreased only very slightly from 20 mC cm\ to 18 mC cm\ for Sol 1 and increased from 13 to 15 mC cm\ for Sol 2 (Fig. 3) . In all cases a cathodic scan to !1.8 V turned the film dark blue and after an anodic scan to #2.0 V the film again became transparent (slightly yellow). rate (volts per second), n the number of Electron 1, and i the anodic peak of current density (amps per centimetre squared) that is read from the cyclic voltammograms (Fig. 1a, b) . The values were for Sols 1 and 2, respectively, D"1.4;10\ and 3.6;10\ cm s\. In both cases the values obtained were higher than those reported for WO films i.e. D"2.93;10\ cm s\ [18] , but similar to the value D" 5;10\ cm s\ reported by Mohapatra [19] obtained from potentiostatic measurements. Fig. 5a ,b presents micrographs of films of Nb O prepared in the two ways and deposited on glass. The structure of the film, Sol 1 (Sol 2 not presented here), visualized by the AFM picture, is formed by a uniform agglomeration of small particles with an average size of about 30-70 nm (Fig. 6 ). These particles are not visible in the SEM micrographs, but they confirm that the surface of the films prepared by the two different methods have excellent microstructure without visible cracks and defects. Fig. 7 shows transmission spectra of Nb O films prepared from Sols 1 and 2 and deposited onto an ITO electrode. The u.v.-vis spectra were registered in situ in the reduced and oxidized state for three-dip layers at a fixed potential of #2.0 (bleached state) and !1.8 V (coloured state). The insertion of Li> changes the transmission in the visible-near infrared range from about 80 to less than 20% for &300 nm thick (threedip) coatings prepared by the two different routes (Sols 1 and 2) . 
Results and discussion

Conclusions
We have shown that films of Nb O prepared either by sonocatalytic or conventional methods are promising candidates for electrochromic devices using lithium electrolytes. The powders calcined at 560-600°C in an O atmosphere have a crystalline TT structure. The coatings present good, reversible and fast insertion-extraction for Li> ions. AFM measurements show that the films are formed by uniform agglomeration of nanometre-sized particles (20-70 nm). The charge density inserted at a voltammetric scanning rate of 50 mV s\ in the films prepared from Sol 1 (about 18-20 mC cm\) is similar to the charge inserted in the film prepared from Sol 2 (15-20 mC cm\). Small differences were found in the value of the Li> diffusion coefficient, where the D value from Sol 2 coatings was about 2.6 times superior than that for coatings prepared from Sol 1. However, the sonocatalytic route was easier and quicker in preparing sols than the classic method and this route avoided the possibility of Na residue.
